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| INTRODUCTION
Cone-beam computed tomography (CBCT) imaging for imageguided radiotherapy (IGRT) uses soft tissue and volumetric anatomic imaging information for higher geometric accuracy of radiotherapy delivery. 1 Stereotactic body radiotherapy (SBRT), intensity-modulated radiotherapy (IMRT), and volumetric-modulated arc radiotherapy (VMAT) techniques require precisely delivered doses to the planning target volume (PTV). CBCT with a kilovolt (kV) source and a flat-panel detector (FPD) mounted onto the gantry of a linear accelerator is the common configuration used for
IGRT. The image quality of CBCT is crucial for accurate localization in the patient. 2 Several studies on image quality and absorbed dose of commercially available CBCT have been reported. [3] [4] [5] [6] [7] [8] Most of the investigations were on single-source CBCT (SCBCT)
imaging.
Vero4DRT (Mitsubishi Heavy Industries, Ltd., Hiroshima, Japan, and Brainlab, Munich, Germany) is a unique image-guided radiotherapy system comprising two imaging units aligned at AE45°relative to a megavoltage (MV) beam axis. Each imaging unit consists of a kV X ray tube and a FPD. Miura et al. 6 reported the image quality assurance (QA) for the Vero4DRT system with SCBCT. In SCBCT, it takes approximately 30 s to acquire the projection data using a 215°rota-tion because the rotation speed is limited to 7°/s. The Vero4DRT is now available with dual-source CBCT (DCBCT), in which it takes approximately 15 s to acquire the projection data using a 115°rota-tion, making it very useful for reducing the treatment time. In addition, DCBCT might reduce motion artifacts. DCBCT also plays a large role in some 4D-CBCT techniques, which may benefit from a dual-source technique. Two important issues need to be addressed when using DCBCT. First, how does the image quality of DCBCT compare with that of SCBCT? Second, does DCBCT increase the patient dose compared with SCBCT? The purpose of CBCT is to provide a volumetric image for patient positioning for radiotherapy; thus, it is important to study the dose-image quality tradeoffs. However, no information is available on the imaging performance of a commercial DCBCT.
In this study, we evaluated the performance of a DCBCT, by comparing it with a SCBCT. Both were used in a Vero4DRT. The
American Association of Physicists in Medicine (AAPM) Task
Group (TG) 142 recommends several QA values for imaging by IGRT. 10 We focused on image uniformity, Hounsfield unit (HU) linearity, image contrast, spatial resolution, and absorbed dose for CBCT.
| MATERIALS AND METHODS

2.A | Vero4DRT
The characteristics of the Vero4DRT system were published previously 11 ( Fig. 1) . The gantry is extremely rigid owing to its O-ring shape. The Vero4DRT system has two kV x-ray imaging subsystems attached to the O-ring and two FPDs at 45°with respect to the MV beam axis. The CBCT images are acquired using kV x-ray tubes by rotating the gantry.
To acquire a set of SCBCT images, a kV X-ray source is rotated . In our study, SCBCT was performed using only one tube and DCBCT was performed using the two tubes simultaneously. We used only CW rotation because there would be no difference in image quality between CW and CCW rotations. 
2.B | Image quality
The image uniformity, HU linearity, spatial resolution, and image contrast were evaluated using a Catphan 504 CT phantom (The Phantom Laboratory, Greenwich, NY, USA), a well-established and validated QA tool that incorporates several modules for CT QA.
12
Several studies on the characteristics of cross-vendor CBCT have been conducted using the Catphan phantom. 
2.B.1 | Image uniformity
The uniformity module CTP 486, with a uniform disk, was used to assess image uniformity. Five 3.0-cm 9 3.0-cm ROIs at the center and the top, bottom, left, and right peripheral positions of the image were assessed (Fig. 3 ). Image uniformity was calculated using the following equation:
where CT ROI;peripheral and CT ROI;center are the mean pixel value of the ROIs at the four peripheral positions and the center, respectively.
2.B.2 | HU linearity
The slice width, sensitometry, and pixel size module CTP 404, con- 
2.B.3 | Image contrast
We used the CTP 404 module, described above, to assess the image contrast, which was calculated using the following equation:
where P ROI;insert is the mean pixel value in a circled ROI inside an insert and ROI, background is the mean pixel value of the background of the contrast module, respectively. 
2.B.4 | Spatial resolution
The high-resolution module CTP 528 has a high-resolution pattern of 1 through 21 line pairs per centimeter (Lp/cm). High-contrast resolution was calculated using the method reported by Droege et al. 13 In that method, the practical modulation transfer function (pMTF) curve is calculated by measuring the standard deviation of the pixel values in each individual pattern in the cyclic bar pattern image. To assess the spatial resolution quantitatively, 50% and 10% values were calculated from the pMTF curve data.
2.B.5 | Absorbed dose
Dose measurements were performed using methodology adapted from that outlined in AAPM Task Group Report No. 111.
14 The
CBCT absorbed dose was measured using a 0.6-cm 3 ionization chamber (Radcal, Monrovia, CA, USA) and a poly(methyl methacrylate) (PMMA) cylindrical phantom (Radcal), 16 cm in diameter and 15 cm long with a density of 1.19 g/cm 3 . The midpoint of the cylindrical cavities, located at the center and four peripheral positions in the phantom, corresponded to the in-room laser system. The ionization chamber was inserted at the center and the four peripheral holes of the cylindrical phantom, with the mechanical isocenter at the center of the phantom. Because CBCT performed with the Vero4DRT involves a partial rotation of the gantry to acquire images, the dose at each of the peripheral measurement points is different.
The average absorbed dose was calculated by analogy to the weighted cone-beam CT dose index (CBCTDI w ) 14 using the following equation:
where D center is the central axis dose and D peripheral is the average peripheral dose of the scanning phantom. 15 The other holes of the phantom were filled in with PMMA rods to avoid affecting the measurements. The absorbed dose was measured five times for each position of the ionization chamber. 3.B | HU linearity T A B L E 1 Performance of SCBCT and DCBCT in image uniformity using a uniformity module. Table 2 shows the spatial resolution results for the 50% and 10%
| RESULTS
3.A | Image uniformity
3.C | Image contrast
SCBCT (tube 1) SCBCT (tube 2) DCBCT
3.D | Spatial resolution
MTF obtained with SCBCT (tube 1/tube 2) and DCBCT. There was no significant difference in spatial resolution between SCBCT and DCBCT. 
3.E | Absorbed dose
| DISCUSSION
We compared the image quality and absorbed dose for the first commercial DCBCT, in the Vero4DRT image-guided radiotherapy system, with those for SCBCT. The CBCT of the Vero4DRT system cannot rotate a full 360°, which leads to lower image uniformity.
The image uniformity of DCBCT is worse than that of SCBCT. With DCBCT, the detector may detect the photons scattered by the object, resulting in degradation of the image quality. 16, 17 Engel et al. No significant degradation in HU linearity for DCBCT was observed when compared to that for SCBCT. The HU linearity of both CBCTs differed from the reference HU. The Teflon HU value obtained via DCBCT had the largest difference with respect to the reference HU, which is attributed to cross-scatter. 16 The HU linearity of the Vero4DRT system differs from that of conventional CT.
However, this is not a problem because the Vero4DRT system does not use the concept of adaptive radiotherapy treatment planning with CBCT. CBCT of the Vero 4DRT system does not use a calibration method that matches the gradation degree with known parameters such as bone density and air density. The images acquired using DCBCT have poorer contrast than those acquired using SCBCT, probably because the cross-scatter generated by DCBCT is higher than that by SCBCT. Even for a low-contrast material (e.g., acrylic), DCBCT-acquired images had poorer contrast than SCBCT-acquired images. Acrylic had a low image contrast because acrylic and the background material (PMMA) were the same. The required contrast resolution depends on the anatomical region. The user should optimize the imaging parameters to improve the image contrast. However, increasing the kV/mA ratio increases the exposure dose. In the Vero4DRT, the projections in DCBCT overlap between 45°and 70°[ see Fig. 2(c)] ; thus, the absorbed dose is higher than that for SCBCT for the same kV/mA. Although the dose from image guidance is small compared with the uncertain dose delivered in therapy, based on standard radiation safety principles, the imaging dose of DCBCT at a minimum should be identical to that of SCBCT. The PMMA phantom used in our study was 16 cm in diameter and 15 cm long.
CT dosimetry systems need radiation absorption and scattering phantoms sufficiently long to accommodate scanning lengths related to cumulative dose equilibrium, as described in AAPM Task Group
Report No. 111. 14 The absorbed dose in a 16-cm-diameter PMMA phantom is close to that in a 20-cm-diameter cylinder of water. 19 Several authors proposed techniques to reduce the cross-scatter and improve the image quality for DCBCT [16] [17] [18] 20] . Giles et al. 17 proposed that almost all cross-scatter effects can be removed by interleaved acquisition, which can be achieved at the same angular sampling rate by either doubling the data acquisition rate or halving the rotation speed. In another study, a bowtie filter was used to reduce the scatter-to-primary radiation ratio and improve image quality. 20 Because of the limitation of the hardware used in scatter-reduction methods, Zhu et al. 16 proposed reducing the crossscatter effects using post-processing techniques. In the Vero4DRT system, no cross-scatter correction method, including an effective acquisition technique, bowtie filter, or post-processing technique, is implemented.
A CBCT scan can be acquired over a 360°rotation at a maxi- ity. 21 We will further investigate the performance of DCBCT in other imaging regions (e.g., thorax and abdomen).
| CONCLUSION S
In this study, we evaluated the image quality and absorbed dose for ticularly for extreme-contrast material, was worse than that with SCBCT, even though the absorbed dose was higher.
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